Glutaryl-coenzyme A (CoA) dehydrogenase and the electron transfer flavoprotein (ETF) of Paracoccus denitrficans were purified to homogeneity from cells grown with glutaric acid as the carbon source. Glutaryl-CoA dehydrogenase had a molecular weight of 180,000 and was made up of four identical subunits with molecular weights of about 43,000 each of which contained one flavin adenine dinucleotide molecule. The enzyme catalyzed an oxidative decarboxylation of glutaryl-CoA to crotonyl-CoA, was maximally stable at pH 5.0, and lost activity readily at pH values above 7.0. The enzyme had a pH optimum in the range of 8.0 to 8.5, a catalytic center activity of about 960 min-', and apparent Michaelis constants for glutaryl-CoA and pig liver ETF of about 1.2 and 2.5 ,IM, respectively. P. denitrificans ETF had a visible spectrum identical to that of pig liver ETF and was made up of two subunits, only one of which contained a flavin adenine dinucleotide molecule.
The isoelectric point of P. denitrificans ETF was 4.45 compared with 6.8 for pig liver ETF. P. denitrificans ETF accepted electrons not only from P. denitrificans glutaryl-CoA dehydrogenase, but also from the pig liver butyryl-CoA and octanoyl-CoA dehydrogenases. The apparent V,x was of similar magnitude with either pig liver or P. denitrificans ETF as an electron acceptor for these dehydrogenases. P. denitrificans glutaryl-CoA dehydrogenase and ETF were used to assay for the reduction of ubiquinone 1 by ETF-Q oxidoreductase in cholate extracts of P. denitrificans membranes. The ETF-Q oxidoreductase from P. denitrificans could accept electrons from either the bacterial or the pig liver ETF. In either case, the apparent Km for ETF was infinitely high. P. denitrificans ETF-Q oxidoreductase was purified from contaminating paramagnets, and the resultant preparation had electron paramagnetic resonance signals at 2.081, 1.938, and 1.879 G, similar to those of the mitochondrial enzyme.
The many similarities between the respiratory chain of Paracoccus denitrificans and that of the mitochondrial inner membrane in overall composition (1, 17) and in stoichiometry of proton translocation (37) have stimulated widespread interest. Studies on the cross-reactivity of the isolated components showed that cytochromes c from P. denitrificans and mitochondria are oxidized at comparable rates by P. denitrificans cytochrome oxidase (30) and, conversely, that the elementary steps in the reaction of cytochrome oxidase from beef heart or P. denitrificans, incorporated into phospholipid vesicles, with horse heart cytochrome c are very similar (26) . There is extensive primary sequence homology between cytochrome c from this organism and its mitochondrial counterpart and also between peptides obtained from P. denitrificans cytochrome oxidase and from two of the subunits of the mitochondrial oxidase (33) . Nonetheless, the cytochrome oxidase isolated from P. denitrificans has a much simpler structure than its mammalian counterpart. This procaryotic oxidase is composed of only two subunits (19) compared with the 12 polypeptides which constitute the mammalian cytochrome oxidase, yet it is functional as a redox-driven proton pump (31) . The expression of the same biological function in a less complex system is of much interest, and such comparative studies could shed further light on the phenomenon of energy transduction (25) .
Limited information is, however, available on the molecular characteristics of the respiratory proteins of P. denitrificans that are not associated with complex IV. Among these proteins, the electron transfer flavoprotein (ETF) and dehydrogenases which utilize it as an electron donor or acceptor are also of interest. Mitochondria contain eight different dehydrogenases which utilize ETF as the electron acceptor (3, 8, 15, 16) . Some of these, such as glutaryl-coenzyme A (CoA) dehydrogenase, are present in low amounts in mitochondria and have been inadequately characterized.
Evidence indicating the presence of an ETF-dependent enzyme system in P. denitrificans was obtained by Albracht et al. (1) , who observed electron paramagnetic resonance (EPR) signals characteristic of the 4Fe-4S1+ cluster of ETF-Q oxidoreductase in membrane preparations from this organism. This has been the only evidence thus far reported for the presence of ETF-Q oxidoreductase in a procaryote.
We report here the isolation of glutaryl-CoA dehydrogenase and ETF and the partial purification of ETF-Q oxidoreductase from P. denitrificans. We also present studies on their cross-reactivity with components of the mammalian system. ubiquinone 1 (Q1) was a gift from Eisai Corp., Japan.
Growth of bacteria. P. denitrificans (ATCC 13543) was grown with 0.2% glutarate as a carbon source in the mineral base of Owens and Keddie (24) . The cells were harvested late in the exponential phase.
Purification procedures. The cells were suspended in 3 volumes (wt/vol) in 10% ethylene glycol containing 0.1 mM phenylmethylsulfonyl fluoride and broken in a French press at 20,000 lb/in2. Unbroken cells were separated by low-speed centrifugation. The crude cell extract was separated into a membrane fraction and supernatant by centrifugation at 250,000 x g for 90 min. All subsequent fractionations were done in the presence of 10% ethylene glycol. Where necessary, the eluates from chromatography columns were concentrated by ultrafiltration with PM30 membranes (Amicon Corp., Lexington, Mass.).
Purification of ETF. The supernatant from 170 g of cells was chromatographed on a DEAE-cellulose DE-53 column (50 by 3.2 cm) which had been equilibrated with 10 mM potassium phosphate (pH 6.6) containing 0.1 mM phenylmethylsulfonyl fluoride. ETF was eluted with a 2.0-liter linear gradient of 0 to 0.2 M KCI, and glutaryl-CoA dehydrogenase was subsequently eluted with a 2.0-liter linear gradient of 0.2 to 0.5 M KCI in the same buffer. Fractions containing ETF were pooled, concentrated by ultrafiltration, and adjusted to pH 5.0 with 1 M acetic acid. The solution was dialyzed overnight against 10 mM potassium phosphate (pH 6.6) and clarified by centrifugation. The clarified solution was applied to a hydroxylapatite column (35 by 1.6 cm) equilibrated in the same buffer. ETF was eluted with a 1.5-liter linear gradient of 10 to 200 mM potassium phosphate (pH 6.6), and the hydroxylapatite step was repeated. The ETF-containing fractions were concentrated by ultrafiltration and chromatographed on a Sephadex G-100 column (128 by 1.6 cm) with 20 mM potassium phosphate (pH 6.6) as the eluent. ETF-containing fractions were pooled and concentrated. About 9.0 mg of ETF with an A27O/A435 ratio of about 7.0 was isolated from 170 g of cells (wet weight).
Purification of glutaryl-CoA dehydrogenase. Glutaryl-CoA dehydrogenase obtained from a DEAE-cellulose column (3.2 by 30 cm) used in the purification of ETF from 40 g of cells was dialyzed against 10 mM potassium phosphate containing 1 mM EDTA (pH 6.5) and was applied to a DEAESepharose column (2.5 by 20 cm) which had been equilibrated with the same buffer. The column was washed with 200 ml of starting buffer containing 50 mM sodium chloride, and the enzyme was subsequently eluted by using an 800-ml linear gradient of 50 to 400 mM sodium chloride in the same buffer. Active fractions were combined, concentrated by ultrafiltration, and dialyzed against 10 mM potassium phosphate (pH 6.5). The enzyme was applied to a hydroxylapatite column (2 by 20 cm) which had been equilibrated with the same buffer. The column was washed with 300 ml of 50 mM potassium phosphate (pH 6.5) and was subsequently eluted with an 800-ml linear gradient of 50 to 200 mM potassium phosphate (pH 6.6). Active fractions were pooled and concentrated. The resulting enzyme preparation had an A268/A445 ratio of 5.5 and migrated as a single band on sodium dodecyl sulfate-polyacrylamide disc gel electrophoresis.
ETF-Q oxidoreductase. ETF-Q oxidoreductase was partially purified from P. denitrificans membranes by a modification of the procedure of Ruzicka and Beinert (27) . The 250,000 x g pellet from crude extracts of P. denitrificans consisted of a white, loosely packed layer on top of a dark, reddish brown layer. The membrane fraction was purified by density-gradient sedimentation on a gradient generated by layering 10-ml quantities of 10, 20, and 40%o sucrose in 20 mM potassium phosphate (pH 7.4) containing 10%o ethylene glycol. The reddish brown layer which contained the membrane fraction was suspended in 20 mM potassium phosphate (pH 7.5) and centrifuged at 250,000 x g for 1 h. The pellet was resuspended in the same buffer, and 20% potassium cholate was added to obtain a final concentration of 0.4% potassium cholate. The solution was stirred for 30 min before centrifugation at 250,000 x g to collect the membranes. The pellet was suspended in 0.4% potassium cholate, and ETF-Q oxidoreductase was extracted by adjusting the cholate concentration to 0.8%. The supernatant from centrifugation of this solution was subjected to (NH4)2SO4 fractionation. The fraction precipitated between 30 and 45% (NH4)2SO4 contained ETF-Q oxidoreductase activity. The enzyme was dialyzed overnight against 10 mM Tris chloride buffer (pH 7.4) and was applied to a column (1 by 20 cm) containing DEAE-Bio-Gel with a 2-cm bed height of BioBeads SM2 at the bottom, which had been equilibrated with the same buffer. The column was washed with 100 ml of 50 mM Tris chloride (pH 7.4) containing 50 mM KCl, and ETF-Q oxidoreductase was subsequently eluted with a linear gradient of 50 to 500 mM sodium chloride in 50 mM Tris chloride (pH 7.4) containing 1% Triton X-100.
Pig liver dehyrogenases and ETF. Pig liver ETF was purified as previously described (14) . Fractions from the first DEAE column used in the purification of ETF were assayed for dimethylglycine, butyryl-CoA, and octanoyl-CoA dehydrogenase activities. Active fractions containing these activities were pooled separately. Dimethylglycine dehydrogenase was further purified by (NH4)2SO4 fractionation and chromatography on hydroxylapatite. Butyryl-CoA and octanoyl-CoA dehydrogenases were further purified by R. R. Ramsay and were donated to us as partially purified preparations.
Assay methods. Glutaryl-CoA was prepared by reacting glutaric acid anhydride with a stoichiometric amount of CoA. Glutaryl-CoA dehydrogenase activity was assayed by measuring the phenazine methosulfate-dependent reduction of dichlorophenol-indophenol spectrophotometrically at 600 nm. The assay mixture contained 0.3 mmol of potassium phosphate (pH 7.5), 4 ,umol of phenazine methosulfate, 0.17 ,umol of dichlorophenol-indophenol, 32.5 nmol of glutarylCoA, and enzyme in a final volume of 3.0 ml. The temperature was 30°C, and the reaction was started by addition of the enzyme or of glutaryl-CoA. Activities were calculated by using a millimolar extinction coefficient of 21.6 for dichlorophenol-indophenol (2). Dimethylglycine dehydrogenase, butyryl-CoA dehydrogenase, and octanoyl-CoA dehydrogenase were assayed as previously described (34, 38) .
ETF was detected in the effluent fractions of columns by virtue of the decrease in absorbance observed at 435 nm upon the addition of glutaryl-CoA dehydrogenase in the presence of glutaryl-CoA. ETF-Q oxidoreductase was assayed by monitoring the change in absorbance at 275 nm upon the addition of enzyme to an assay mixture (16 ,umol Protein was determined by the biuret method (10) . The molar extinction coefficients of the different flavoproteins were calculated from measurements of their visible spectra in the presence and absence of 4.5 M guanidinium hydrochloride (14) .
Crotonyl-CoA was identified as the product of the oxidative decarboxylation of glutaryl-CoA by glutaryl-CoA dehydrogenase by observing the decrease in absorbance at 263 nm elicited by the addition of crotonase. The ratio of crotonyl-CoA formed to ferricyanide reduced was determined by quantitation of this absorbance change after correction of that due to the reduction of ferricyanide. The concommitant changes in absorbance at 420 nm, due to reduction of ferricyanide, and at 263 nm, due both to the reduction of ferricyanide and to the formation of crotonylCoA, were 
RESULTS
Purification and properties of enzymes. Glutaryl-CoA dehydrogenase was purified with a 48% recovery by using three chromatographic steps ( Table 1 ). The resulting preparation showed only one band migrating with a subunit with a molecular weight of 43,000 on sodium dodecyl sulfatepolyacrylamide disc gel electrophoresis (Fig. 1) . The absorption spectrum of glutaryl-CoA dehydrogenase was similar to that of other acyl-CoA dehydrogenases (Fig. 2) . The millimolar extinction coefficient was estimated to be 13.6 mM-1 cm-1 at 445 nm. By using this value, the subunit molecular weight obtained from polyacrylamide disc gel electrophoresis, and the protein content determined by the biuret method, glutaryl-CoA dehydrogenase was estimated to contain 0.90 mol of flavin per subunit. The molecular weight of glutaryl-CoA dehydrogenase was 180,000 as determined by molecular exclusion chromatography (Fig. 3) The purification of ETF from P. denitrificans was considerably more difficult than from mammalian mitochondria. Good recoveries of ETF from P. denitrificans were only achieved when phenylmethylsulfonyl fluoride was included during purification procedures to inhibit proteolytic degradation. Crude extracts of P. denitrificans contained several proteins which could not be separated from ETF by chromatography on anion-exchange resins or hydroxylapatite or by gel filtration, due to their similarity in size and isoelectric point to ETF. Fortunately, however, adjustment of the pH of the ETF-containing fractions from DEAE-cellulose chromatography to 5.0 resulted in precipitation of some contaminants and altered the elution pattern of others on subsequent chromatography on hydroxylapatite such that the contaminants could be separated from ETF. Similar to the ETF from pig liver (9, 14, 21) or bacterium W3A1 (32), the ETF of P. denitrificans is composed of two nonidentical subunits and contains only one flavin adenine dinucleotide (FAD) molecule. The molecular weight of P. denitrificans ETF as judged by molecular exclusion chromatography (Fig.  3) was 56,000, and the subunit molecular weights were 28,000 and 32,000 (Fig. 1) . The amino acid composition of ETF from the three different sources is given in Table 2 and shows marked similarities among them. The molar extinction coefficient of P. denitrificans ETF was determined to be 13.5 mM-1 cm-1. By using this value to quantitate the amount of ETF used for amino acid analysis, a minimal molecular weight of 59,400 was estimated by summation of the recoveries of the different amino acids. The amount of ETF from bacterium W3A1 used for amino acid analysis was determined from the absorbance at 370 nm of the anionic semiquinone which was obtained by the addition of trimethylamine in the presence of catalytic amounts of trimethylamine dehydrogenase. A molar extinction coefficient of 16,850 at 370 nm was estimated for the anionic semiquinone of bacterium W3A1 as described in the experimental section above, and the minimal molecular weight corresponding to one FAD residue was calculated to be 61,400 from the amino acid analysis. This value is considerably lower than the value of 77,000 that was estimated earlier from molecular exclusion chromatography (32) . A similar discrepancy between the molecular weights determined by amino acid analysis and gel chromatography had earlier been noted for mammalian ETF (14) ; the data, therefore, support our earlier conclusion that the ETF of bacterium W3A1 contains only one Tryptophan' FAD per dimer. Like its mammalian counterpart, the ETF of P. denitrificans readily formed the anionic semiquinone upon irradiation in the presence of EDTA (Fig. 4) .
No cross-reactivity of bacterium W3A1 ETF with the glutaryl-CoA dehydrogenase of P. denitrificans or with any of the pig liver ETF-dependent dehydrogenases could be demonstrated. P. denitrificans ETF was, however, readily reduced by all pig liver acyl-CoA dehydrogenases tested (Fig. 5) , but not by dimethylglycine dehydrogenase.
The apparent maximal velocities were similar when either P. denitrificans or pig liver ETF was used as the electron acceptor, but the apparent Michaelis constants for pig liver ETF were considerably lower in all cases. It should, however, be noted that these determinations were all performed at a single pH value. The isoelectric point of P. denitrificans ETF, as determined by isoelectric focusing, was only 4.45 and reflects the different proportion of acidic and basic amino acid residues relative to pig liver ETF, which has an isoelectric point of 6.8 (14) . The relative efficiency of P. denitrificans and pig liver ETF as electron acceptors for the dehydrogenases may therefore be a function of pH, an aspect which has not yet been investigated. ETF-Q oxidoreductase. The EPR spectrum of partially purified ETF-Q oxidoreductase from P. denitrificans (Fig. 6 ) was characterized by values at 2.081, 1.938, and 1.879 G and is therefore very similar to that of the mitochondrial enzyme (27) . In addition, an EPR signal at 2.0017 G, presumably due to an organic radical, was detected. Although the ETF-Q oxidoreductase of P. denitrificans showed a single major band with a molecular weight somewhat smaller than that of the liver enzyme, integration of the EPR signal accounted for only about 11% of the protein present, assuming a molecular weight of 60,000 for ETF-Q oxidoreductase. Further purification of this protein is therefore required. The partially purified preparation catalyzed the reduction of Qi with glutaryl-CoA dehydrogenase and either pig liver or P. denitrificans ETF as the electron donors (Fig. SD) . The fact that the reciprocal plots seem to pass through the origin in either case, thus indicating an infinitely high Km is surprising. However, because the effect of solubilization of a 6 . EPR spectrum of partially purified ETF-Q oxidoreductase from P. denitrificans. The spectrum was recorded at 13 K at a frequency of 9.18 GHz. Microwave power, 250 ,uW modulation amplitude, 8 G. The sample was reduced by the addition of a small amount of dithionite. g, Gauss.
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DISCUSSION
The most convincing evidence in favor of the endosymbiont hypothesis for the origin of the mitochondria of eucaryotes resides in the similarity in function and organization of the respiratory chains of certain procaryotes, notably P. denitrificans, to that of mitochondria (1, 17, 18) . On the molecular level, attention has focused on the terminal oxidases (19, 25, 31) , on cytochrome c (35, 36) , and more recently also on cytochrome cl (20) . Although a common ancestral origin can be inferred from the immunological cross-reactivity of cytochrome c oxidase and cytochrome c1 from P. denitrificans with the corresponding components from beef heart mitochondria, from the interchangeability of components (30) , and from sequence homologies (20, 33, 36) , there are very pronounced differences in the size or composition of cytochrome c1 and cytochrome c oxidase isolated from eucaryotes and from bacterial sources. On the other hand, quite remarkable similarities in structure and function of other respiratory proteins, such as succinate dehydrogenase (12) and the proton-translocating ATPase (11), of mitochondria and bacteria have been reported. The results reported here contribute to this growing list.
Although glutaryl-CoA dehydrogenase from eucaryotic sources has not yet been fully characterized, the acyl-CoA dehydrogenases are a group of enzymes with very similar molecular and spectral properties. All acyl-CoA dehydrogenases thus far isolated are made up of four identical subunits with a subunit molecular weight of about 43,000, and they contain one FAD per subunit. The intensity of the longer wavelength absorption band at about 445 nm is accentuated relative to the shorter-wavelength band at about 370 nm, and the acyl-CoA dehydrogenases form spectrophotometrically detectable complexes of the oxidized enzyme with the ,B-ketoacyl-CoA derivatives (22) and of the reduced enzymes with the enoyl-CoA derivative (4) . In all these respects, the glutaryl-CoA dehydrogenase from P. denitrificans resembles the acyl-CoA dehydrogenases of eucaryotes and also that from Megasphaera elsdenii (7) . During isolation, the enzyme also appears green because of the presence of significant absorbance in the region beyond 600 nm. Although a limited number of ETFs have thus far been available for comparison, pronounced similarities between the known bacterial and the eucaryotic ETF preparations are apparent. ETFs from bacterium W3A1, P. denitrificans, and pig liver are all heterodimers containing only one FAD. They are readily reduced to the anionic semiquinone, but the fully reduced form is achieved with difficulty. The long-wavelength absorbance band is shifted from 450 nm, as in free FAD, to 435 to 437 nm, with pronounced resolution of the overlapping absorbance band at about 465 nm. These observations indicate that the environment of the flavin is similar in ETF from different sources. Moreover, the ETF of P. denitrificans and pig liver, but not that of bacterium W3A1 were readily reduced by acyl-CoA dehydrogenases from either mitochondrial or bacterial origin. Interestingly, P. denitrificans ETF did not seem to donate electrons to pig liver ETF-Q1 oxidoreductase, whereas P. denitrificans ETF-Q oxidoreductase could utilize ETF from either source as an electron donor.
The observation of an EPR signal at 2.08 G in membranes of P. denitrificans (1) provided the first indication that ETF-Q1 oxidoreductase may be present in procaryotes. However, because most of the EPR signals of the 4Fe-4S cluster of ETF-Q1 oxidoreductase are obscured in membrane preparations by the presence of contaminating paramagnetic species, the need for a more soundly based assignment of the 2.08-G signal to ETF-Q1 oxidoreductase was apparent.
We attempted initially to demonstrate the presence of ETF-Q oxidoreductase in P. denitrificans membranes by means of the Western blotting technique by using antibody to the beef heart enzyme. When this failed, presumably because of lack of immunological cross-reactivity, the more laborious approach of isolating in sequence glutaryl-CoA dehydrogenase, ETF, and finally detecting ETF-Q oxidoreductase in assays with all three components and Qi was adopted. Partial purification of the ETF-Q oxidoreductase from P. denitrificans allowed a more definitive determination of the EPR spectrum of the enzyme, which was found to resemble that of its mitochondrial counterpart very closely. The fact that ETF-Q oxidoreductase from P. denitrificans catalyzed the reduction of Qi at very similar rates with ETF from either the bacterium or from pig liver mitochondria as the electron donor indicated, moreover, that a considerable degree of homology must exist between enzymes from the two sources. One interesting conclusion emerging from this and other studies (12) , which allowed a comparison of the dehydrogenases associated with the respiratory chains of procaryotes and mitochondria, was that the structure and composition of these proteins seemed to be more highly conserved than was the case on the terminal oxidase aspect of the Q junction. This observation was all the more surprising because some of these dehydrogenases contained multiple redox active groups, the exact function of which continues to elude workers in the field of biological energy transduction. In ETF, the puzzling heterodimeric structure with only one FAD also seemed to Fig. 6 legend, line 5: "g, Gauss" should be deleted.
